and bacterial activity. A. aegypti preferentially oviposited in sites with Toxorhynchites theobaldi predation, and with killed conspecific larvae, but failed to detect preferences for other treatments. The antibiotic tetracycline eliminated the strongest oviposition preference. Both predation by Toxorhynchites and killed larvae increased bacterial abundances, suggesting that oviposition attraction is cued by bacteria. Our results show the potential for indirect effects, like trophic cascades, to influence oviposition choices and community composition in aquatic systems. Our results suggest that predators like Toxorhynchites may be doubly beneficial as biocontrol agents because of the attraction of ovipositing mosquitoes to bacterial by-products of Toxorhynchites feeding.
Introduction
Females of organisms with terrestrial adults and aquatic immatures must choose among discrete aquatic habitats for their offspring (Kershenbaum et al. 2012) . considerable theory indicates that selection should favor those individuals that choose among habitats that yield the greatest fitness payoff (resetarits 1996; resetarits 2005, 2008; Kershenbaum et al. 2012 ). This has led to explicit models that predict fitness is maximized when individuals choose to consign offspring to habitats that minimize the ratio of mortality rate to growth rate (i.e., minimize μ/g) (Werner and gilliam 1984; resetarits 1996; Binckley and resetarits 2008) . It is therefore expected that females choosing aquatic oviposition sites should be attracted to sites with high resources, low conspecific and competitor Abstract Oviposition habitat choices of species with aquatic larvae are expected to be influenced by both offspring risk of mortality due to predation, and offspring growth potential. aquatic predators may indirectly influence growth potential for prey by reducing prey density and, for filter-feeding prey, by increasing bacterial food for prey via added organic matter (feces, partially eaten victims), creating the potential for interactive effects on oviposition choices. We tested the hypothesis that the mosquito Aedes aegypti preferentially oviposits in habitats with predatory Toxorhynchites larvae because of indirect effects of predation on chemical cues indicating bacterial abundance. We predicted that A. aegypti would avoid oviposition in sites with Toxorhynchites, but prefer to oviposit where bacterial food for larvae is abundant, and that predation by Toxorhynchites would increase bacterial abundances. gravid A. aegypti were offered paired oviposition sites representing choices among: predator presence; the act of predation; conspecific density; dead conspecific larvae; 1 3 densities, and low predator abundances (Kershenbaum et al. 2012) . There is abundant evidence that many aquatic insects (e.g., chesson 1984; resetarits 2001; Åbjörnsson et al. 2002; Blaustein et al. 2005; resetarits 2005, 2008; vonesh et al. 2009; vonesh and Blaustein 2010) and amphibians (e.g., resetarits and Wilbur 1989; resetarits 1996; rieger et al. 2004; Binckley and resetarits 2002; Orizaola and Brana 2003) make oviposition choices based on cues to predation risk, minimizing mortality for their offspring. There is also strong evidence that oviposition choices can be influenced by conspecific or competitor density (e.g., resetarits and Wilbur 1989; ellis 2008; yoshioka et al. 2012) or resource availability (e.g., Kiflawi et al. 2003; Munga et al. 2006; Ponnusamy et al. 2008a, b; Binckley and resetarits 2008; Poelman et al. 2013; Fader and Juliano 2014) , both of which should be predictive of offspring growth and development rates.
Investigations of oviposition site selection in freshwater organisms have rarely considered the potential for interactions and indirect effects among predators, competitor densities, and resource availability as determinants of oviposition. Kershenbaum et al. (2012) considered how ovipositing females might choose optimally among sites with low predation vs. sites with low conspecific density. But predators have the potential to influence both prey density (directly by consumption) and resources for prey [indirectly via a trophic cascade (carpenter et al. 1985) ], and if ovipositing females respond to cues indicating both predation risk and growth opportunity, as predicted by μ/g models, predation may create conflicting cues arising from predators, victims, prey density, and prey resources within the same site. This situation could result in potential victims making paradoxical oviposition choices: failing to avoid oviposition in sites with predators, or even being attracted to sites with predators, if density or resource cues associated with the presence of the predator are sufficiently strong.
Mosquitoes are an ideal group in which to test for such indirect effects on oviposition choices. They exhibit complex oviposition choices depending on conspecific density (suleman and shirin 1981; Mccrae 1984; laurence and Pickett 1985; reiskind and Wilson 2004), predators (chesson 1984; Blaustein et al. 2005 ) and detritus amount (edgerly et al. 1998; Wong et al. 2011 Wong et al. , 2012 , within oviposition sites (yee and Juliano 2006; yee et al. 2007a ). several species demonstrate strong oviposition preferences, for sites where the bacteria upon which larvae feed are abundant (Walker et al. 1991; allan and Kline 1995; navarro et al. 2003; Trexler et al. 2003; Ponnusamy et al. 2010 ) a preference often mediated via chemical cues (hazard et al. 1967; allan and Kline 1995; sant'ana et al. 2006; Ponnusamy et al. 2010) . avoidance behavior of sites holding predators is common and strong for some mosquitoes (e.g., chesson 1984; angelon and Petranka 2002; Blaustein et al. 2004; arav and Blaustein 2006; hurst et al. 2010; silberbush et al. 2010; reviewed by vonesh and Blaustein 2010) , absent for others (hurst et al. 2010; Zuharah and lester 2010; Juliano et al. 2010) , and some mosquitoes oviposit preferentially in habitats with some predators (Torres-estrada et al. 2001) . The genus Aedes in particular seems to show little avoidance of oviposition with predators (Juliano et al. 2010; vonesh and Blaustein 2010) . like other organisms (reviewed by Wisenden 2000) predator-avoidance behavior by ovipositing mosquitoes appears to be driven by detection of chemical cues emitted by the predator directly (stav et al. 2000; eitam et al. 2002; Blaustein et al. 2004 Blaustein et al. , 2005 , or perhaps released during the act of predation (Zuharah and lester 2010) which is consistent with the observation that it is only feeding predators that influence mosquito oviposition (stav et al. 2000; Mccall 2002 ). Finally, many mosquitoes occur as larvae in relatively small, discrete aquatic habitats (containers), in which predators feeding on mosquito larvae have the potential to increase microorganisms in the water, which are the primary food of mosquito larvae (Merritt et al. 1992) , indirectly via a trophic cascade (carpenter et al. 1985; stav et al. 2000) . Increases in bacteria could also occur via addition of pieces of uneaten prey and predator feces to the water, providing substrates for bacterial growth, an effect that is also most likely to occur in relatively small bodies of water, wherein a few predators can have a large effect on substrates for bacterial growth.
We tested for this paradoxical effect of predation on oviposition behavior using Aedes aegypti, a container-dwelling mosquito that has been widely introduced in tropical and subtropical regions (Tabachnick and Powell 1979; Juliano and lounibos 2005) , and predators in the genus Toxorhynchites. A. aegypti is sensitive to bacterial abundances, preferentially ovipositing in habitats with high vs. low bacterial abundance (Wong et al. 2011; Ponnusamy et al. 2010; navarro et al. 2003; santos et al. 2010; yee and Juliano 2006; Murrell and Juliano 2008) . larvae of predatory Toxorhynchites are the dominant predators in many of the kinds of the small containers used by A. aegypti (collins and Blackwell 2000) and are capable of killing many prey larvae (rubio et al. 1980; Machado-allison 1981; steffan and evenhuis 1981; albeny-simões et al. 2011) , thus potentially having a large direct or indirect effects on the bacterial abundance within containers. some Toxorhynchites species co-occur with A. aegypti, and have been employed as mosquito biological control agents (e.g., Miyagi et al. 1992; collins and Blackwell 2000; lounibos and campos 2002; schreiber 2007) .
Our hypothesis was that oviposition responses to containers with predators arise from both direct effects of predator cues and indirect effects of predation on oviposition cues mediated via effects of abundance of bacteria. We predicted that: In a separate experiment we tested the prediction that treatments preferred by ovipositing A. aegypti would have greater bacterial abundances than treatments not preferred by A. aegypti.
Materials and methods

assessment of oviposition behavior of Aedes aegypti
This phase of the study was conducted at the laboratory of Insect Behavior and Pheromones, Department of entomology, Federal University of viçosa, viçosa, Mg, Brazil. In viçosa Toxorhynchites theobaldi is native and its predatory larvae naturally co-occur with other mosquito species in both natural (e.g., tree holes) and artificial (e.g., buckets, discarded automobile tires) containers.
Insect colonies
A. aegypti and T. theobaldi were reared and maintained at 25 ± 3 °c, 80 ± 15 % relative humidity and a 12:12-h light:dark (l:D) photoperiod. A. aegypti larvae were kept in a 25 × 30-cm plastic tray at a density of 1,000 immatures/l of tap water and were fed with turtle food (0.5 g reptolife; são Paulo, sP). T. theobaldi larvae were kept in 100-ml polypropylene cups and fed with A. aegypti larvae ad libitum. Upon eclosion, both A. aegypti and T. theobaldi adults were kept in 60 × 60 × 60-cm cages and provided continuously with water-honey solution (1:1). A. aegypti females were blood-fed on anesthetized mice (1 h) 7 days after emergence. naive A. aegypti females 10 days old (72 h after blood-fed) were used in the oviposition bioassays.
Because the ethical committee on animal Use [comissão de etica no uso de animais da Universidade Federal de viçosa (ceUa/UFv)] was created in 2009, review by ceUa/UFv began in 2010. all blood feeding from mice was done under ketamine:xylazine anesthesia, and all efforts were made to minimize suffering.
general experimental design
Our experiments were designed as pairwise choice trials in which a single ovipositing female was given a choice between two oviposition substrates. We used these choice trials to test the predictions listed in the "Introduction". Two 250-ml polypropylene transparent cups (treatment and control) were filled with 200 ml deionized water and used to prepare water for assays. any larvae placed in oviposition containers were rinsed once in 100 ml deionized water before being transferred to the experimental cups. Both containers were incubated under insectary conditions (see above) for 48 h. as we were interested only in A. aegypti's response to chemical cues from bacteria and predator-prey interactions, and not the physical presence of predators or of conspecifics, we removed all prey or predator larvae via sieving prior to the beginning of the oviposition assays.
Oviposition bioassays a single gravid A. aegypti female was added to each bioassay cage (60 × 60 × 60 cm) and allowed to oviposit for 48 h. The time course of breakdown of predator-derived chemical cues is not known, but the 48-h oviposition period may be long enough for some breakdown to occur. Because most of the eggs were laid during the few hours after starting the experiment (personal observation), we believe that any impact of breakdown of cues on oviposition choice will be negligible.
Bioassays were conducted using individual females to reduce the potential influence of previously laid eggs on oviposition site preference (chadee et al. 1990; allan and Kline 1998) . Two oviposition cups (control and treatment) were placed 50 cm apart at opposite sides of the cage. To ensure that the position of the oviposition cups inside the bioassay cages had no influence on oviposition choice, after every ten replicates the positions of the oviposition cups in the cage were rotated clockwise. Two filter paper discs were placed into oviposition cups as an oviposition substrate. assays were run under the same conditions as described for insect colony maintenance. In all cups, larvae used to prepare water for oviposition trials were fourth-instar T. theobaldi or A. aegypti. The numbers of eggs on filter papers from the control and treatment cups were counted after the oviposition period ended. Individual bioassays were replicated 21-36 times, and this range of replication for one-way anOva with numerator df = 1 yields only about a 1 % difference in power (power curves from Zar 1999).
Bioassay treatments Prediction 1 (predator without prey, n = 29)
To test the prediction that A. aegypti avoids oviposition where the predator T. theobaldi has been present, a single unfed T. theobaldi fourth-instar larva was placed in the treatment cups with deionized water. The control cups received only deionized water (Fig. 1a ).
Prediction 2 (predator feeding on prey, n = 32)
To test the prediction that A. aegypti avoid oviposition where a predator has been feeding on A. aegypti, one T. theobaldi larva plus 50 A. aegypti larvae were placed in each treatment cup, allowing the predator to kill and to eat prey. each control cup received 50 A. aegypti larvae with no predator (Fig. 1b) .
Prediction 3 (effects of A. aegypti density, n = 21)
To test the prediction that A. aegypti oviposition preferences are determined (directly or indirectly) by densities of A. aegypti larvae, the mean number of prey eaten by experimental T. theobaldi in 48 h (17 A. aegypti larvae) was subtracted from the total number of larvae used in control cups (50). The resulting number of A. aegypti fourth-instar larvae (50-17 = 33) was used in the treatment cup, and each control cup received 50 A. aegypti fourth-instar larvae (Fig. 1c) . To determine the number of larvae eaten by the predator, we conducted a separate experiment in which ten replicate individual T. theobaldi fourth-instar larvae, starved for 48 h, were each allowed to feed on 50 A. aegypti larvae for 48 h in an experimental set-up as described above. The mean number of consumed larvae (ncl) was 16.7 ± 2.65 se, which was rounded to 17.
Prediction 4 (mechanical killing, n = 35)
To test the prediction that dead A. aegypti larvae are a substrate for bacterial growth, which increases attractiveness of oviposition cups, 17 dead (simulating ncl; see above) plus 33 living A. aegypti larvae were placed in each treatment cup. The larvae were killed by crushing the middle of their bodies using forceps. each control cup received 50 living A. aegypti larvae. This experiment was intended to simulate predation without involving the actual predator (Fig. 1d) .
Prediction 5 (mechanical killing vs. predation, n = 36)
To test the prediction that dead A. aegypti larvae and a predator larva consuming a similar number of A. aegypti larvae yield similar attractiveness to ovipositing female A. aegypti, 50 A. aegypti larvae plus one T. theobaldi larva were placed in the treatment cup, and 17 dead plus 33 living A. aegypti larvae were placed in the control cup (Fig. 1e) .
Prediction 6 (bacterial activity effects, n = 27)
To test bacterial activity was required for expression of observed A. aegypti oviposition preferences, an experiment was conducted using the treatments that yielded the strongest difference in oviposition preference (mechanical killing vs. control; see "results"), with addition of the antibiotic tetracycline to the water in both cups. control and treatment cups received 25 mg/l of tetracycline (navarro et al. 2003) . Doses of 0.5 mg/l or less have been shown to yield about 80 % suppression of aquatic decomposer bacterial growth (verma et al. 2007 ). Treatment cups received 17 dead plus 33 living A. aegypti larvae plus tetracycline. control cups received 50 living A. aegypti larvae plus tetracycline (Fig. 1f) . assessment of bacterial production effects This phase of the study was conducted at the school of Biological sciences, Illinois state University, normal, Illinois.
Insect colonies
A. aegypti (Florida Fx strain) and Toxorhynchites rutilus, an ecologically similar native north american congener of Toxorhynchites theobaldi, were maintained in colonies at 25 ± 5 °c, 70 ± 15 % relative humidity and a 14l:10D photoperiod. A. aegypti larvae were kept in 30 × 30-cm plastic tray and fed every other day standard volumes of a liver powder suspension prepared with 0.40 g of liver powder per 1,000 ml of deionized water. The T. rutilus larvae were individually raised in 20-ml glass vials filled with 10 ml deionized water and allowed to feed on A. aegypti larvae ad libitum until reaching the fourth instar. The experiment was conducted under the same conditions as the rearing, in an environmental chamber. The predator feeding on prey (prey + predator), mechanical killing (prey crushed), and control (prey alone) treatments were re-established at Illinois state University using these north american species or strains. Because we used a different predator species, we repeated the ncl experiment described above using T. rutilus. ncl did not differ significantly between the predators (T. rutilus 23.2 ± 4.52 se and T. theobaldi 16.7 ± 2.65 se A. aegypti larvae consumed; F 1,18 = 1.55, p = 0.22).
This portion of the study was carried out in strict accordance with the recommendations in the guide for the care and Use of laboratory animals of the Us national Institutes of health. The protocol was approved by the Institutional animal care and Use committee, Illinois state University (Institutional animal assurance number a3762-01, IacUc protocol number 01-2010). all blood feeding from guinea pigs was done under ketamine:xylazine anesthesia, and all efforts were made to minimize suffering.
Bacterial productivity
Bacterial production in the treatments was assessed via measurement of bacterial protein synthesis (Ps). Ps was Fig. 1 The six treatments presented to gravid females in this study: a predator presence, b actual predation, c conspecific density, d mechanical killing, e mechanical killing vs. predation, f bacterial activity. The control in all treatments is represented by the container on the left, while the treatment is represented by the container on the right 1 3 quantified by measuring incorporation of tritiated h-leucine ([4,5-3 The oviposition activity index (OaI) (Kramer and Mulla 1979), was used to evaluate the oviposition preferences of A. aegypti in each bioassay. The OaI standardizes the data by converting the number of eggs laid on filter paper in a test cup to a proportion after correcting for the number of eggs laid on filter paper in a control cup.
where nT is the number of eggs in the treatment container and nc is the number of eggs in the control container. The OaI ranges from −1 to +1, with 0 indicating no preference. Positive values indicate that greater oviposition was observed in treatment than in control cups. conversely, greater oviposition in control than in treatment cups would result in a negative OaI. We analyzed the proportions of A. aegypti eggs deposited in treatment and control cups. all analyses (both oviposition and bacterial production experiments) were carried out using generalized linear models (crawley 1993) and performed using r (r Development core Team 2011). residual analyses were conducted to verify error distribution including checks for overdispersion. Oviposition data were analyzed using binomial family error and overdispersion corrected for quasibinomial family. Bacterial abundances were analyzed via one-way anOva of leucine incorporation, quantified as disintegrations per minute.
Results
Oviposition bioassays
Prediction 1 (predator without prey)
The presence of T. theobaldi larvae alone had no significant effect on oviposition preference of A. aegypti (OaI 0.11 ± 0.83, F 1,27 = 2.495, p = 0.11; Fig. 2a ).
Prediction 2 (predator feeding on prey)
When T. theobaldi larvae were allowed to feed on A. aegypti larvae, A. aegypti females significantly preferred
cups where predation had occurred (OaI 0.31 ± 0.81, F 1,31 = 7.481, p = 0.008; Fig. 2b ).
Prediction 3 (effects of A. aegypti density)
The density of living conspecifics had no significant effect on oviposition preference of A. aegypti (OaI 0.11 ± 0.75, F 1,19 = 0.002, p = 0.95; Fig. 2c ).
Prediction 4 (mechanical killing)
A. aegypti significantly preferred to oviposit in treatment cups where A. aegypti larvae had been killed and added over control cups with only living larvae (OaI 0.37 ± 0.79, F 1,33 = 17.441, p < 0.0001; Fig. 2d ).
Prediction 5 (mechanical killing vs. predation)
A. aegypti showed no significant preference between containers with mechanically killed larvae and containers with actual predation (OaI −0.21 ± 0.84, F 1,34 = 2.487, p = 0.11; Fig. 2e ).
Prediction 6 (bacterial activity effects)
The significant oviposition preference shown by A. aegypti females for containers with killed larvae over containers with living larvae disappeared when we added tetracycline Bacterial productivity leucine incorporation differed significantly among the three treatments (F 2,29 = 10.08, p < 0.001). Pairwise comparison of treatments indicated that leucine incorporation did not differ significantly (F 2,29 = 0.0127, p = 0.91) between mechanical killing and predator feeding on prey. Both of these treatments yielded leucine incorporation that was significantly greater than that in control (prey alone) (F 2,29 = 20.83, p < 0.001; Fig. 3 ).
Discussion
We predicted that holding the predator Toxorhynchites theobaldi in Aedes aegypti oviposition cups would have both repellent (due to water-borne predator cues) and attractant (due food abundance cues from bacterial activity) effects on oviposition. We found no evidence for a repellent effect of cues from the predator itself on ovipositing females. such an effect would have been evident as significant avoidance of oviposition in the treatment cups of the predator without prey experiment or in the mechanical killing vs. predation experiment. neither prediction was supported. Our second prediction, that predation may create attractive cues, was confirmed by the predator feeding on prey experiment. This result strongly contrasts with previous reports that diverse organisms avoid ovipositing where predators or their cues are present (angelon and Petranka 2002; Binckley and resetarits 2002 Binckley and resetarits , 2005 Binckley and resetarits , 2008 Orizaola and Brana 2003; Blaustein et al. 2004; arav and Blaustein 2006; Montserrat et al. 2007; silberbush and Blaustein 2008; silberbush et al. 2010) . Though some investigations have found no avoidance of oviposition with predators (e.g., Orizaola and Brana 2003; Juliano et al. 2010; hurst et al. 2010 ; reviewed by vonesh and Blaustein 2010), finding preferential oviposition where predators have been active is a rarity (see Torres-estrada et al. 2001) . That A. aegypti females prefer to oviposit in cups where T. theobaldi larvae had fed on A. aegypti larvae (Fig. 2b) is consistent with the observation that A. aegypti do not meet Blaustein's (1999) criteria for the evolution of predator avoidance at oviposition: (1) eggs for each reproductive cycle are laid together as a single clutch and are not spread across multiple sites (untrue for A. aegypti), (2) prey have few lifetime reproductive events. For species that meet both these criteria, the gain in reproductive success from predator avoidance at oviposition can be very large (Blaustein 1999) . antipredator oviposition behavior likely has costs (lima and Dill 1989; Blaustein 1999). The time spent searching for a predator-free oviposition place can increase the probability of being eaten by an aerial predator, especially because gravid females are slow flying (Magnhagen 1991) , or the cumulative probability of death due to any cause (Kershenbaum et al. 2012 ). Blood-fed mosquitoes are more vulnerable to predation by spiders after blood feeding (roitberg et al. 2003) . Thus, female mosquitoes should evolve oviposition avoidance only if there is a high risk of losing all offspring to predation during a single reproductive event. Mosquitoes that oviposit in large egg batches (e.g., Culiseta and Culex) strongly avoid ovipositing in sites with predator presence or with water-borne cues from the act of predation (eitam et al. 2002; stav et al. 2000; Blaustein et al. 2004) . In contrast, A. aegypti often distributes its eggs over multiple water-filled containers ("skip oviposition") (amador 1995; honório et al. 2003; reviewed by colton et al. 2003; reiter 2007) , and can have a reproductive lifespan of up to 95 days (styer et al. 2007 ) with several egg batches produced (reviewed by reiter 2007). These traits combine to make the likely gain from avoidance of sites with cues to predation relatively small compared to the costs of searching for predator-free containers. lack of avoidance of predator-infested habitats by ovipositing Aedes, particularly container Aedes, seems to be common (Juliano et al. 2010; vonesh and Blaustein 2010) . A. aegypti like all congenerics, lay their eggs above the water's surface and eggs must be inundated to hatch; thus, the desiccation-resistant eggs can sit for days, weeks, or months until hatching. Therefore, the cues perceived by the oviposting female may be unreliable predictors of predation risk at an unknown time in the future when eggs actually hatch. This situation also makes it unlikely that predator avoidance will evolve (reviewed by vonesh and Blaustein 2010). however, this same argument (no avoidance of predation because larvae do not hatch immediately) might equally suggest that attraction of ovipositing females sites with currently high food for larvae will not evolve, as the feeding environment larvae will encounter may change before eggs have an opportunity to hatch. The observed preference for high-bacteria sites suggests the hypothesis that cues to food availability may be more reliable indicators of the feeding environment for larvae, whereas predator-derived cues may be relatively poor indicators of the longer-term risk of predation for larvae. This situation may arise if current cues from bacterial abundance indicate the trajectory of insect and microbial succession in the container (Murrell and Juliano 2013), and thus be indicative of long-term habitat suitability. an alternative hypothesis is that over the evolutionary history of A. aegypti, encounters with predators may be sufficiently rare that selection for avoiding predator-infested habitats is weak relative to selection for choosing habitats with abundant food for larvae. This situation may derive from the small, often ephemeral nature of habitats occupied by A. aegypti, which may place a premium on rapid growth and development, requiring high resources, and simultaneously minimizing encounters with predators (Wellborn et al. 1996) . Because conspecifics often compete, females should choose oviposition sites where competition among their progeny will be low, thus maximizing growth potential for their offspring (resetarits 1996; Binckley and resetarits 2008; Kershenbaum et al. 2012) . such choices occur in several mosquitoes (Wilmot et al. 1987; Zahiri and raul 1998; sumba et al. 2008) . We predicted that A. aegypti females would prefer to oviposit into cups with predators because conspecific density was reduced by predation. We did not, however, find this effect in the A. aegypti density experiment, perhaps because our larval densities were four to five times lower than those used in a previous study where A. aegypti avoided oviposition with conspecifics (Zahiri and raul 1998). It is possible that a response to density will occur at some level of larva density greater than those used here. Other investigators have found that A. aegypti sometimes oviposit preferentially in containers with conspecific larvae (Wong et al. 2011 (Wong et al. , 2012 . nevertheless, our study demonstrates that predator-induced reduction in conspecific density per se does not by itself explain the observed preference of A. aegypti for oviposition sites where conspecifics are subject to predation.
Organic material from detritus is highly attractive to ovipositing mosquitoes (hazard et al. 1967; allan and Kline 1995; sant'ana et al. 2006; Ponnusamy et al. 2008a Ponnusamy et al. , b, 2010 . Detritus in aquatic habitat often forms the base of the food web (Merritt et al. 1992; Moore et al. 2004) . We predicted that if a feeding predator leaves parts of the prey uneaten or adds substantial feces to the habitat, this may increase animal-derived organic material in oviposition sites, supporting greater microbial populations, and thus making the site more attractive to ovipositing mosquitoes. This prediction was supported by the mechanical killing experiment, with significantly more eggs in treatment (dead larvae) than control (no dead larvae) cups. Thus our study suggests that dead larvae constitute detritus that provides a substrate for bacteria, protozoa, rotifers, and fungi. Because these microorganisms (Fish and carpenter 1982; Walker et al. 1991) and animal detritus itself (yee and Juliano 2006; yee et al. 2007a, b) are food for larvae, it appears that females prefer to oviposit where resource for larvae are high.
Our prediction that predator and mechanical killing of similar numbers of A. aegypti larvae would yield similar attraction of ovipositing females was supported by the mechanical killing vs. predation experiment. Thus, it appears that it is the addition of organic matter from dead larvae or feces, rather than something about the predator or predation per se, that creates oviposition attractants. Further, our assay of bacterial abundances via leucine incorporation indicates that levels of bacterial activity did not differ significantly between mechanical killing and predation treatments, and that both yielded bacterial activity over twofold greater than did controls with only living A. aegypti larvae (Fig. 3) .
Bacteria metabolize organic detritus (Merritt et al. 1992) , producing volatile and nonvolatile chemical metabolites (Bentley and Day 1989) that mediate the oviposition behavior of gravid female mosquitoes (Bentley and Day 1989; Walker et al. 1991; allan and Kline 1995; navarro et al. 2003; Trexler et al. 2003; Ponnusamy et al. 2010) . Our hypothesis that oviposition attractants from dead larvae arise from microbial activity predicts no significant preference when bacterial activity is reduced or eliminated by antibiotic addition. The lack of A. aegypti preference between treatment and control in the bacterial activity experiment suggests that bacteria or their metabolic byproducts are indeed the source of oviposition attractants arising from larval death. Our experiment strongly suggests this attraction is based on chemical cues, but because A. aegypti females were allowed to touch the water's surface when ovipositing, we are unable to determine whether the chemical cues that females detect are volatile or contact chemicals (or both).
Because last-instar Toxorhynchites larvae exhibit "prepupal killing behavior," wherein prey are killed without being eaten (steffan and evenhuis 1981; albeny simões et al. 2011), mature Toxorhynchites larvae will often increase the animal organic material by this behavior, making oviposition sites more attractive to A. aegypti (Fig. 2b) . however, if bacteria provide a profitable food source for mosquito larvae (Merritt et al. 1992; yee and Juliano 2006; yee et al. 2007a, b; Kaufman et al. 2010) it may be that A. aegypti females are able to recognize places with bacterial activities as excellent for larval development. Thus, we propose that bacterial presence and activity were responsible for attraction of gravid females to oviposition sites (hazard et al. 1967; allan and Kline 1995; sant'ana et al. 2006; Ponnusamy et al. 2010) . We have shown for the first time that the act of predation can increase bacterial abundance (Fig. 3) in ways that make these sites attractive for mosquito oviposition (Fig. 2b) .
Bacterial abundance within water-filled containers has a positive effect on both larval density and oviposition habitat selection, and these may take on an important role in A. aegypti distribution (rejmankova et al. 1996; nguyen et al. 1999) . Our results have implications for distribution and control of A. aegypti in the field, especially since bacterial biomass and species composition have been suggested as important environmental determinants of the occurrence and abundance of container Aedes (Murrell et al. 2011 ). Killing of the prey larvae by Toxorhynchites larvae renders those containers more attractive to ovipositing A. aegypti (Fig. 2b) . Therefore, if ovipositing females cannot assess the predation risk for their offspring and oviposit in places where the predator is present (Torres-estrada et al. 2001; Blaustein et al. 2004; arav and Blaustein 2006; Pamplona et al. 2009 ) the introduction of predators like this as biocontrol agents for A. aegypti may have a dual benefit for Aedes control, effectively acting like an ecological trap (Kristan 2003) .
If predator larvae attract oviposition to habitats that are lethal to prey larvae, these predators should promote a considerable prey population decline (reviewed by vonesh and Blaustein 2010). not only would predatory Toxorhynchites consume Aedes larvae already present in containers, but they may actually render these containers more attractive for Aedes oviposition, enhancing predator-prey contact rates, and thus further reducing A. aegypti numbers. Beyond their pairwise predator-prey interaction, production of attractant cues of predation by Toxorhynchites may provide other opportunity to limit production of A. aegypti adults. according to vonesh and Blaustein (2010) , under the biocontrol perspective this combination of traits appears very attractive: (1) high predator-prey consumption rates should reduce recruitment of adults from local habitats patches; (2) oviposition attraction may create regional sinks that draw mosquitoes away from predatorfree sites to low recruitment predator habitats; (3) because of oviposition attraction, it may be possible to obtain effective biocontrol at regional scales even if it is not possible to establish predator populations in all suitable habitats. however, while desirable, evidence of oviposition attraction by aquatic predators is limited and further studies are needed to explore this issue. Further, invulnerable stages (e.g., eggs of Aedes) may provide a reservoir for the prey population that renders eradication by such a predator unlikely. additional studies will be needed to test this idea for A. aegypti oviposition in the field, and also to determine the extent to which Toxoryhnchites could be better exploited for biorational control of A. aegypti populations.
